The region close to Ebermannstadt is highly prone to landslide activity. Geomorphological mapping, geophysical surveys (electric resistivity and seismic refraction) and substrate analyses were applied to investigate a landslide which was triggered in 1957.
Introduction
Cuesta scarp slopes are highly prone to slide activity due to susceptible geological and geomorphological conditions. The development of cuesta landscapes like the Franconian Alb is controlled by slightly inclined permeable and nonpermeable bedrock. The geological setting results in the characteristic cuesta landforms of almost flat backslopes and steeper front slopes (Schmidt & Beyer 2001) . The latter usually consist of steep, sometimes cliff-like upper slopes, formed in the resistant, permeable bedrock and a less inclined lower slope in non-resistant, impermeable layers. This bipartite structure leads to a strong disposition for mass movements. Water can be easily drained through fissures in the upper bedrock -in particular in karstic structures of limestones. In the middle and lower slope areas, impermeable clay-and marlstones lead to an accumulation of water, decreased consolidation and the formation of slip surfaces.
Although mass movements are a common hazard in low mountain areas like the Franconian Alb, only devastating events, endangering buildings, roads or infrastructure are noticed in public (Hütteroth 1994) . Various scientific landslide studies at the Franconian Alb investigate the distribution of landslides for selected regions. In general, the focus is set on internal (lithological, structural and internal morphometric) controlling factors (von der Heyden et al. 1993 , Hütteroth 1994 , von der Heyden 2004 , comparable to studies from other German low mountain areas (e.g. Wenzel 1994 , Terhorst 2001 , Beyer 2002 , Schmidt & Beyer 2001 . Geological studies (e.g. Zürl 1980 , Hammer 1984 primarily comprise soil and rock mechanisms or deal with hydraulic patterns within slide masses.
One of the first works on landslide distribution in the Wiesent River valley was published by Dorn (1920) . After the respective movements Freyberg (1957 Freyberg ( , 1961 , Müller (1957) and Hegenberger (1961) described visible processes, triggers and morphological landslide elements of the major slides close to Ebermannstadt and provided first information on the slide events. The present study is based on the observations of Müller (1957) at the Hasenberg landslide area.
In order to analyze controlling factors as well as past processes in the landslide mass, an accurate inventory of the slope is necessary (McKean & Roering 2004) . High resolution Digital Terrain Models (DTM) derived from airborne laser altimetry (LiDAR) provide detailed information of the earths' surface (van Westen et al. 2002) and therefore enable more detailed mapping of relief units, which include landsystem, landform and elementary form (Minar & Evans 2008) . As surface morphology provides indications for determining the type of a landslide (Hutchinson 1995) , high resolution datasets are commonly used for field mappings on any scale (e.g. Montgomery et al. 2000 , Lee 2001 , Crosta & Agliardi 2002 . The combination of these geo-information tools with additional deterministic input data, such as shallow geophysics, provides a profound method for analyzing landslide hazard and vulnerability as well as risk assessment (Bruno & Martillier 2000 , van Westen et al. 2002 .
Within the last decades geophysical methods have developed as standard methods for the minimal-invasive investigation of the shallow subsurface in the fields of environmental research (e.g. Telford et al. 1990; Schrott et al. 2003; Reynolds 2011) , and likewise in the studies of landslides (i.e. McCann & Forster 1990; Hack 2000; Bichler et al. 2004; Friedel et al. 2006; Jongmans & Garambois 2007; Schrott & Sass 2008; Socco et al. 2010) . Recently, the development of 2D and 3D techniques can be regarded as a major advance for imaging the often complex and heterogeneous subsurface. A comprehensive review on the geophysical investigation of landslides is given by Jongmans & Garambois (2007) . So far, no geophysical studies were applied on landslides in the region of Ebermannstadt.
As Müller (1957) described slide processes by the use of geomorphological observations, this study obtains slide processes using surface and subsurface data: A Digital Terrain Model (DTM) was primarily employed for geomorphological mapping, focusing on reconstructing formerly described processes on the surface. Based on these data designated geophysical surveys aimed at obtaining new insights into the subsurface. Besides, the focus was set on defining the type of movement by applying the concepts of Varnes (1978) , Hutchinson (1988) and Cruden & Varnes (1996) . A further aim is to assess the susceptibility of the slopes for future movements. With the towns' expansion already reaching the foot of the landslide, detailed studies of the slide mass are essential for the Hasenberg area.
Regional characteristics and study area
The study area is situated in the Franconian Alb, approximately 40 km north of Nuremberg (Fig. 1) . The Franconian Alb is part of the south German cuesta landscape, formed by Mesozoic rocks from the upper Triassic, Jurassic and Cretaceous. Related to the occurrence of mass movements, the cuesta scarps of the Rhaethian/Hettangian (Upper Triassic/Lower Jurassic), the Aalenium (Middle Jurassic) and the Oxfordian (Upper Jurassic) are of major interest.
In general, the slopes of the cuesta scarps are affected by different types of mass movements, such as topples, slides, lateral spreads and flows, either in single or in combined occurrence. Falls can be observed on vertical cliffs and fronts of slide blocks. Unconsolidated material and/or old slide masses often cause secondary (translational) landslides.
Due to its extension from north to south, the northern Franconian Alb acts as a barrier for weather-effective air masses coming in from the north Atlantic. As a result, the wind-facing west side of the mountain ridge, where the study area is situated, receives higher precipitation than the western lowlands (Forchheim 684 mm, Ebermannstadt 898mm) (purchased data from DWD (German Meteorological Service)).
Ebermannstadt is located in the broad valley of the Wiesent River at an altitude of 292 m a.s.l. The adjacent mountains rise up to over 500 m a.s.l. (Wachknock: 517 m a.s.l.) and therefore receive a significant amount of precipitation as snowfall during winter.
The geology in the region of Ebermannstadt can be seen as exemplarily for the structure of the Franconian Alb with permeable and impermeable layers. The flat valley floors of the Wiesent river valley, as well as the lower slopes in the region consist of claystones from Lower Aalenian layers (Opalinuston). Above, Upper Aalenian sandstone (Doggersandstein) forms steeper slopes covered by layers of impervious Callovian Claystones (Ornatenton). Most parts of the area are covered by debris from the overlying Oxfordian Limestones (Malm α / β). This unit is built up by thick, marly limestones divided by thinner schistose layers. Uppermost parts of the slope are formed by Lower Kimmeridgian Marls and Limestones, the latter of which are mined in the municipal quarry, located above the study area. Measured over a distance of 500 m, all described layers show similar dipping of 8-10 m (= approximately 1°) towards the east (Müller 1957) .
Due to dipping and aspect, several groundwater springs are found on the east-facing Hasenberg. The most important horizons in terms of groundwater springs are the transitions between Lower Aalenian layers and Upper Aalenian Sandstone, as well as between Callovian layers and Oxfordian Limestones. There are no karstic springs found in the vicinity of Ebermannstadt. The mainly concave slopes of the surrounding mountains are often covered by landslide masses, especially in the Eschlipp valley towards the north of Ebermannstadt and on the eastern slopes of the Wiesent valley (Fig. 2) .
In 1625, 1957, 1961 and 1979 , four major landslides took place around Ebermannstadt (Fig. 2) . All of them occurred in the Callovian Clay layers, which underlie the Oxfordian limestones. These geological settings were already described by Hütteroth (1994) , who investigated mass movements at the "Lange Meile" southwest of Ebermannstadt.
The study area is situated at the eastern flank of the Hasenberg, adjacent to the western town limits, which extend onto the foot of Hasenberg. Müller (1957) describes the region at Hasenberg as affected by numerous past landslides, proven by outcrops of landslide derived debris layers. According to Müller (1957) , lacking soil formation between single debris layers indicate rather close successions of the different mass movements.
Methods

Geomorphological mapping
A detailed mapping of surface morphology and existing failures on a slope is fundamental for determining the landslide type (Hutchinson 1995) , and for analyzing regional distribution of landslide patterns (Guzetti et al. 1999 (Guzetti et al. , 2000 . Therefore, a detailed geomorphological map was cre- ated in order to capture this spatial reference of the slopes' structure as well as movement processes and to delineate potential instable areas through localization of active scars and accumulation forms of the 1957-event.
Geomorphological mapping of the present study was based on a 1-m DTM to precisely detect and locate landslide elements. Hence, a reconstruction of processes can be concluded as well as the influence of single geological layers. GIS-derivates, for example hillshades, contour lines, surface curvature, slope gradients and aspect were used during field work and data processing.
The geomorphological mapping was accomplished on a scale of 1:3000. The focus was set on the most important landforms and geomorphological units of the 1957-landslide.
With slight modifications, the symbols for steps, slope gradients, surface and valley forms are based on the mapping keys of Terhorst & Kirschhausen (2001) , who developed a legend on mass movements. The mentioned mapping key is based on the geomorphological mapping instructions from Leser & Stäblein (1978) .
Geophysics
Geophysical methods and sites were selected based on the results of the geomorphological mapping and in order to correlate detected landforms to subsurface structures.
Electric resistivity tomography (ERT) measurements were conducted using a 72-channel multi-electrode resistivity meter from IRIS instruments (Syscal Junior Switch) using 36 electrodes per array. With respect to the aimed penetration depth and resolution, a unit electrode spacing of 3 m has been applied. The array types Wenner (robust; high signal-to noise ratio) and dipole-dipole (more prone to errors, but high sensitivity to horizontal and vertical structures) were used (e.g. Telford et al. 1990; Burger et al. 2006; Reynolds 2011) .
Three ERT-surveys were conducted, beginning below the debris deposits at 441 m a.s.l., and ending in the lower parts of the landslide mass at 381 m a.s.l. (see figure 4) . To achieve best possible data coverage within the subsurface, ERT arrays were measured using a roll-along technique with an overlap distance of 15 m between arrays 1 and 2 and 18 m between arrays 2 and 3.
Datasets were concatenated (Loke 2010) and inverted within the software package RES2DINV (GEOTOMO) using the robust inversion scheme (L1-norm). To reduce sideblock effects an extended model (additional model blocks at both sides and beneath the original data array) was used to calculate resistivity models (Loke 2010) . Areas within the tomograms that are not covered with data points are shaded.
Seismic refraction tomography (SRT)-measurements were conducted using a 24 channel seismograph (Geode) from Geometrics with 24 geophones. A unit electrode spacing of 3 m has been applied, stating a trade-off between aimed penetration depth and resolution of the subsurface. A 5kg sledgehammer was used to generate the seismic signal. To achieve high data coverage, and in consideration of an expected distinct subsurface heterogeneity, shot locations were situated between each geophone pair, as well as in front of and behind the spreads (remote sources), resulting in 25 shot locations per array. As for ERT-measurements, a roll-along technique with an overlap distance of 3 m between spreads 1 and 2 and 6 m between spreads 2 and 3 has been applied. More details on the setups of ERT-and SRT-measurements are given in Table 1 .
For data processing and inversion the software package SEISIMAGER/2D (GEOMETRICS) with the modules PICK-WIN (picking of first arrivals) and PLOTREFA (concatenation of datasets; tomographic inversion) was used. Areas in the tomograms that are not covered by raytraces are shaded to prevent over-interpretations.
The topography of each ERT and SRT survey line has been recorded as the estimated relative vertical distance between two neighbouring electrodes/geophones, to enable an incorporation of relief data into the inversion process within RES2DINV and PLOTREFA, respectively.
Substrate analyses
Along geophysical surveys, additional analyses of substrates were realized to validate and improve the obtained data from geoelectrical and seismic measurements.
A total of 38 study sites in form of small pits of 20-40 cm in depth were dug over a distance of 380 m. Texture was determined by finger testing according to the Ger- One focus was set on the occurrence of limestone debris skeleton, which may indicate a slide mass for the middle and lower slope areas. Furthermore, it was important to quantify the amount of fine grained, i.e. clayey material.
History of the landslide at Hasenberg 1957
The studied landslide at the slope of Hasenberg occurred in late winter of 1957. According to descriptions of Mül-ler (1957) , slope failure became apparent on February 17 th , when several cracks opened in the mid slope area of the Callovian Clays covered by Oxfordian Limestone debris. These processes continued for at least twelve hours and initiated further slide movements uphill and flow processes in the lower slope areas. Overall, the landslide covered an area of 225 m (width) x 350 m (length) with an estimated volume of approximately 625.000 m³. Average velocity during the major movements was approx. 10 cm per minute, with local maxima up to 1 m per minute (Müller 1957) .
The landslide mass mainly comprises Oxfordian Limestone debris mixed with clay material from Callovian layers. Most parts of the slide mass did not contain fresh limestone fragments but remobilized debris from older slide masses. Furthermore, in the lower parts of the accumulation, upper Aalenian Sandstone fragments were intermingled into the slide mass (Müller 1957) . The upper parts of the landslide area in the Callovian layers were dominated by cracks and slide surfaces, while tongues with an irregular, hummocky surface were formed in the lower areas, underlain by Aalenian layers. Vegetation remained intact on most parts of the landslide, except of the foot. Here, it was destroyed due to the more turbulent flow pattern and the steep front (Müller 1957) .
According to Müller (1957) , the landslide in 1957 was presumably triggered by an exceptionally high amount of water input. Meteorological data for late January and February 1957 (see Fig. 3 ), showed several days of (heavy) rainfalls, summing up to an amount of 107 mm for the period of 4 weeks before the landslide event. Compared to further datasets between 1931 and 2012, this sum is definitely above the long-term average (65.9 mm).
On the other hand, precipitations in January of 1957 (77.8 mm) and December, 1956 (55.4 mm) were below average. Furthermore, some years (e.g., 1946 and 1970) show even higher precipitations in February which did not cause landslides in the study area.
Temperature records of early 1957 display values increasing to degrees around zero and above, four weeks before the landslide event. This is supposed to having caused intensive snow melting processes in that time span which lead to a significant increase of the soil moisture (the presence of a snow cover was reported by contemporary witnesses [see Müller 1957] ). Due to this additional water input, the actual water intake at the Hasenberg slope was much higher than precipitation data proposes. This example illustrates that soil moisture is influenced by different factors (e.g. type of precipitation, snow cover, snow melting, subsurface freezing and others) over a varying time span. Due to its complexity, this factor cannot be discussed in detail in this paper.
Results
Geomorphological Map
The first geomorphological map of the slide area after the event of 1957 was published by Müller (1957) . The map is more of a rough sketch which records the observed processes (e.g., the formation of shear planes), basic geomorphological information (e.g. land surface forms, fissures, scarps) as well as geological layers. The linking of morphological forms to slide processes was limited to a minimal extent. Figure 4 shows a detailed geomorphological map of the landslide area based on high resolution DTM. Moreover, a colorized, GIS-processed hillshade combined with slope gradient information provides a precise visualization of the landforms in the study area. The hillshade accurately localizes the geomorphological forms without the problem of GPS-offsets.
The uppermost slope sections are dominated by thick debris deposits. Geologically, this area represents the transition from Oxfordian Limestones (above) to Callovian Clays (below). The area is completely covered by limestone debris and blocks with diameters from a few centimeters to approximately 1 m.
North of the footpath, a large limestone block has been detached from the wall. The rock formation of the block is still intact and can be directly linked to the adjacent rockwall behind. This indicates a relatively constant and slow drifting, without major destruction probably moving on underlying clay layers.
In the upper area of the Callovian Clay (approx. 425-435 m a.s.l.), slopes are characterized by lower inclinations. Although initial soil formation is present in form of thin litter layers, the area is still dominated by limestone debris. Numerous parallel fissures (orientated rectangular to the slope) are present primarily in the center of the slide area. Most fissures provide widths of approximately 2 m, depths of 1-2 m and lengths between 5 and 25 m. The proper depth could not be measured exactly as all fissures are partially filled with soil material, debris and/or vegetation. Apart from the widespread mixed forest, vegetation in these areas shows ferns and mosses, which is an indicator for increased moisture, probably due to the clayey conditions. Slide blocks become apparent in lower parts of the Callovian Clay (approx. 405-425 m a.s.l.). They are characterized by converse uphill slopes, with heights of 1-3 m and oversteepened downhill slopes. Small areas with a hummocky surface are present in front of larger blocks, due to secondary movements in form of creeping.
The largest block is situated in the center of the landslide area (approx. 410 m a.s.l.). It forms a significant ridge with a height of 3 m (view from uphill). The front slope represents a main scarp of the 1957 landslide (total height 12 m), with a ruptured surface, indicating intensified movements here. While the upper sections of the front slope are covered by a comparably thin layer of debris, lower areas are buried under large sediment masses. Due to the curved shape of the scarp, a rotational slide can be assumed.
The region downslope (east) of the forest road (approx. at 400 m a.s.l.) represents the accumulation area of 1957. Most parts of this area are dominated by a wavy pattern, forming relatively smooth surfaces. In the central part a significant "V-shaped" valley, with a maximum depth of 3 m, cuts through the rather flat slide mass. At its lower extensions, remnants of an old pavement become visible, identifying the valley as a former defile (see Müller 1957) . Remnants of the undisturbed trail allow the reconstruction of its uphill course. It also identifies stagnant and displaced landslide segments: Gaps between single trail segments reveal rates of deposition between 20 to 30 m.
Lower sections of the slide area (around and below the second forest trail in the east, approx. 390m a.s.l.) are again characterized by a wavy surface. At two minor rims, slope gradients increase about 5°-8°. The toe of the slide mass is formed by a steep step (max. slope gradients 45°) with a maximum height between 3-4 m. At this clear boundary the landslide mass can easily be differentiated against the undisturbed surroundings. In the northwestern part, the tip is only 5 meters west of a new road, which has been built after the landslide of 1957. Figure 5a outlines the changes of substrate at the surface. The profile is coherent with the geoelectric surveys but extends to the slide's boundaries. In total, substrates were analyzed over a length of 380 m.
Substrate Analyses
Substrate in the steep uphill region is clearly dominated by limestone debris and blocks with maximum diameters of 80-100 cm and an average of around 20-50 cm. Deposition on the surface is loose due to slope parallel orientation of the fragments' x-axis, with fine-grained material only partially filling the interspaces. Below the depth of 20 cm, initial fillings tend to stabilize the deposit; however, several unfilled cavities are still left. The amount of large debris fragments and blocks decreases downslope in favor of finer material.
The section between the upper ridge and main scarp (horizontal length 100-160 m) offers varying amounts of fine grained material and debris/coarse grains. A composition of limestone fragments embedded in a dense/loamy fine grained matrix characterizes the ridges (such as the upper ridge or main scarp). In contrast, straight slope sections are dominated by clayey material with small amount of coarse grains. Mostly behind (upslope) the ridges, shallow organic horizons (5-10 cm) could accumulate.
Below the main scarp, a composition dominated by a fine grained, mostly clayey matrix was found. The amounts of limestone debris and coarse grains average approximately 50 %. In two small sectors, the amount of clay and fine grains increase to rates of approximately 70-80 %. In any case, clayey material is less dense and slightly less moist compared to the area above the main scarp.
In summary, three different substrate areas could be determined: The uppermost area is dominated by debris and coarse grains while clayey material dominates the midslope sections of the Callovian layers. In the lower parts of the study area, the slide mass contains a composition of both materials. Figure 5 b & c presents the electrical resistivity-and seismic refraction tomograms in comparison to substrate anal- Fig. 4 for location. The shaded areas could not be interpreted as they are not sufficiently covered by data.
Geophysics
Fig. 5 a, b, c: Profiles showing results drawn from substrate analyses (a), geoelectric surveys (b) and seismic surveys (c). See
Abb. 5 a, b, c: Profilschnitte mit den Ergebnissen aus Substratanalyse (a), geoelektrischen Sondierungen (b) und seismischen Sondierungen (c). Lagebeschreibung in Abbildung 4. Schattierte Flächen sind nicht ausreichend mit Daten aufgelöst und daher nicht interpretiert.
yses. Results from ERT and SRT allow for defining three differentiated subsurface sections (see markings in the tomograms) that will be analyzed in the following section.
The subsurface resistivity distribution is recorded over a total profile length of 282 m. The presented tomogram exhibits three major units with varying resistivity characteristics. High resistivities (≥200 Ωm) were obtained in the uppermost region (I-a) and in single spots downslope. Adjacent to this area a unit of very low values (8 -32 Ωm) was measured in the slope section above the main scarp (IIa). The lower half of the profile (III-a) is characterized by mostly intermediate values around 64-128 Ωm, with several lenses of higher or lower resistivities.
In the uppermost sections (I-a), a relatively homogeneous area with high resistivities (>200 Ωm) is detected, reaching from the surface as deep as 10 m (deeper layers cannot be taken into account due to survey geometry). Tapering out downslope, the body covers the top of the small ridge (at 225 m survey length), before it disappears completely. The transition between sections I-a and II-a is characterized by a sharp boundary and a strong contrast in resistivity values.
Resistivity values in unit II-a are mainly between 24-32 Ωm, primarily detected for rather homogeneous sections below a depth of 9 m. Within the shallow subsurface (0-9 m depth) an anomaly with distinct lower resistivity values is detected. Most probably this structure can be ascribed to higher moisture contents there rather than to differing substrate properties. This interpretation is confirmed by substrate analyses that show increased amounts of clayey material. In a depth of approx. 5 m, this unit extends close to the main scarp downslope (horizontal distances 130-160 m). At the surface (0-5 m depth) the unit is covered by a layer of higher resistivity values (max. 100 Ωm)
From the main scarp to the lower extensions of the survey a heterogeneous resistivity distribution is apparent. The section records an intensively disturbed composition as deep as 15 m. The unit (III-a) can be subdivided into the steep slope section below the main scarp (horizontal distances 165-200 m) with resistivity values between 64-128 Ωm and the gently inclined section between horizontal distances 200-300 m. The resistivity distribution in the latter section indicates a vertical differentiation of the subsurface into three layers, with a conductive layer (5-1.5m depth, 24-32 Ωm) embedded between two layers with higher resistivity values (>64 Ωm). The conductive layer is horizontally differentiated into three lenses, which are cropping out to the surface between horizontal distances 260-290 m. Upslope (horizontal distances 260-200 m) this layer is superimposed by a heterogeneous layer of up to 5 m in thickness with rather high resistivity values between 64-128 Ωm. The area below 15m depth is characterized by a homogeneous resistivity distribution. However, data coverage at this depth is rather poor. In general, the transitions between all parts are relatively smooth.
Seismic surveys cover a total profile length of 215 m. Corresponding to ERT data, three major units can be identified over the course of the profile: (I-b) very low velocities between 0.3-0.5 km/sec, found at the surface and as deep as 4 m in the upper regions, as well as at the ridge of the main scarp. This unit is underlain by a section with medium velocities (II-b) constantly increasing from 0.5 to 1.2 km/sec, which also tends to reach the surface in some areas. Unit IIIb is characterized by rather fast velocities between 1.2 and 1.7 km/sec. Acceleration within this unit mostly occurs over short vertical distances.
In the uppermost section, the unit of low velocities (I-b) is dominant at the surface. Below the small upper ridge, velocity slowly increases to 1.1 km/sec. The only refractor is detected in a depth of 15 m, with velocities rapidly increasing from 1.2 to 1.6 km/sec on a vertical distance of approximately 5 m.
The step of the old footpath (horizontal distance 195 m) limits the downslope extent of the low velocities at the surface. Here, velocities > 0.9 km/sec were obtained at the surface (unit II-b), constantly increasing with depth. Below a depth of 10 m, values increase more rapidly from 1.2 to max. 2.2 km/sec. This pattern significantly differs from the situation underneath the main scarp. Again, low velocities were found in the surface near layers, similar to the small upper ridge. With depth, they moderately increase forming a pocket of medium resistivities (0.5-0.9 km/sec) in the steep area downslope of the main scarp. The pocket is underlain by a refractor as deep as 20 m forcing velocities to rapidly increase from 1.2 km/sec to 1.8 km/sec.
The gently inclined section between horizontal profile lengths of 200-290 m presents all three units arranged in a uniform subsurface set-up. From the surface as deep as 3 m, low velocities (0.3 km/sec) are detected. Velocities constantly increase over a vertical distance of 15 m to max. 1.8 km/sec. A refractor can be presumed in a depth of 18 m due to further velocity acceleration (> 2.0 km/sec).
Interpretation and discussion
The region around Ebermannstadt provides three factors favoring landslides: (I) a bipartite geologic structure with permeable and impermeable layers, (II) increased precipitation resulting from conditions at the windward site of the Franconian Alb and (III) dipping towards the direction of the hillslope (in case of east-facing slopes). This leads to the occurrence of several mass movements in the area. As geophysical surveys show, all processes are linked closely to local geology, indicating an important influence of this slope internal factor. The major part of the slope movements occur on the boundary between (Callovian) Clay and debris cover. Obviously, slope parallel dipping of the geological layers additionally favors the development of slip surfaces. As a result, east facing slopes are affected by numerous landslides (Müller 1957) as described by DORN (1928).
Subsurface structure and formation
In order to create a generalized model of the 1957 landslide at Hasenberg, geophysical surveys and supporting substrate analyses are combined.
The uppermost slope sections are characterized by debris-rich deposits on the surface. As substrate analyses reveal, a loose accumulation is prevalent. Parts of the interspaces are filled with fine-grained (weathered) mate-rial. High resistivity data (unit I-a) and low velocity values (unit I-b) indicate the presence of debris (Knödel et al. 2003 , Reynolds 2011 ) not only at the surface, but at least as deep as 10 m. Fissures (see Fig. 4 ) cause reduced interspace-fillings between horizontal distances of 60 -80 m, which is represented by a lens of increased resistivities in this segment.
From top of the survey downslope, the amount and size of limestone blocks and fragments by trend decreases. However, the upper ridge contains a higher amount of debris, as substrate analyses reveal. Again, this is supported by resistivity data and seismic velocities. Both surveys lead to the assumption of comparably solid, debris dominated cover (Telford 1990 , Knödel et al. 2003 , Reynolds 2011 , approximately 3-5 m in thickness, building up the ridge. This layer is underlain by unit II-a and II-b values.
Below the ridge (horizontal length 95-125 m) in downslope direction, a denser (packed) and/or moister subsurface is present, due to reduced debris and increased amounts of fine grained material. Seismic velocities at the surface are still low (unit I-b: 0.3-0.6 km/sec) as deep as 4 m. Below, they constantly increase to unit II-b values. The ERT displays considerably lower resistivities, compared to the debris dominated areas upslope. Both, the SRT and ERT values, can be interpreted as a compound of fine grained (clayey) material with a large amount of limestone debris (> 50%) included (Knödel et al. 2003 , Bichler 2004 , Reynolds 2011 . Moist conditions, indicated by mosses and ferns and also obtained in substrate analyses, cause an additional decrease of resistivities in this area.
Between the small forest trail and the main ridge (horizontal lengths of 130-150 m), substrate analyses revealed considerably higher amounts of clayey material close to the surface. From uphill directions, the course of the old footpath is interrupted in this area, as a gap of approximately 20 m in length was detected during geomorphological mapping (see Fig. 4 for details) . The path can be rediscovered at the main ridge, indicating a displacement in this area. With this in mind, a clayey subsurface appropriate to the formation of slide surfaces is expected. The intermediate surface velocities (0.5-0.9 km/sec) exhibited in the SRT clearly support this assumption. Resistivity values between 64-128 Ωm (unit III-a) indicate comparably dry composition of clayey material (Telford 1990 , Knödel et al. 2003 , Reynolds 2011 ) and limestone fragments adjacent to the ridge.
To summarize, for the region between 95-165 m horizontal length, both ERT and SRT assume an extension of the in situ Callovian Clay to altitudes of approximately 422 m a.s.l. to 408 m a.s.l. This corresponds with the data of the geological map, which records a thickness of 16 m (Müller 1959 ) for this layer.
At the ridge of the main scarp, resistivity data (unit III-a) and velocity values (unit I-b) imply a composition of higher amounts of limestone fragments and less fine grains as deep as 5 m (Knödel et al. 2003 , Reynolds 2011 . The block (with the main scarp) is situated at the lower boundary of Callovian Clays covering Aalenian Sandstone. Both features are assumed to be exhibited in the ERT: A stripe of low resistivities (clay) covers a unit of high resistivities (sandstone) obtained in depths below 10 m. Due to hidden layer effects (see Reynolds 2011 for details) , SRT is unable to detect the layer of soft clayey material. Constantly increasing velocities reveal no distinguishable refractor, which leads to the assumption of a heavily weathered and shattered structure of the Upper Aalenian Sandstone, assumed as deep as 15-20 m. These characteristics were also stated by Müller (1957) .
Downslope of the main scarp, a composition of coarse and fine grained (50/50 %) material forms small ridges (e.g. at the steep slope areas below the scarp and at 110 m and 80 m survey length) at the surface. Higher amounts (>50%) of fine grained, mostly clayey material are found in the gently inclined sections of the accumulation area. As described above, the obtained resistivity data displays varying values in this unit III-a. In ERT, no in situ sandstone could be obtained as deep as 15 m. Poor data coverage prevents the detection of reliable data in greater depths (Telford 1990 , Knödel et al. 2003 , Reynolds 2011 . The SRT shows very slow increasing velocities as deep as 12 m, assuming no significant changes in the fine grained slide mass substrate (Knödel et al. 2003 , Glade et al. 2005 . For depths of 12-19 m, curved layer structures are clearly visible in the SRT. This structure leads to the assumption of a rotational slip surface present in this area. Rapid increasing velocities in depths below 19 m mark the surface of rupture and the assumed transition to underlying sandstone.
In the gently inclined slope areas, the SRT exhibits increasing velocities over a vertical distance of 18 m. In combination with the varying resistivity data values, an unconsolidated slide mass, containing stones and debris, embedded in a matrix of fine grained material can be assumed (Knödel et al. 2003 , Bichler et al. 2004 , Glade et al. 2005 . Below depths of 15 m, few high resistivity units suggest the presence of fragmented bedrock (Aalenian sandstone) (Knödel et al. 2003) . In a corresponding location, the SRT displays no clear refractor, but constantly increasing values. Therefore, this again may be interpreted as an intensively fissured surface of the underlying bedrock (Aalenian sandstone).
Morphology, landslide processes and type
According to Müller (1957) , the landslide was initiated by movement of water saturated debris in the lower areas of the slide area. Disappearance of the abutment led to further movement of limestone debris and blocks in the upslope regions. Müller (1957) defined the overall movement as an earth flow. This designation was used again by Hegenberger (1961) , who described the landslide of 1961 at Ebermannstadt Einbühl, which was very similar to the 1957 event. Moser & Rentschler (1999) supported this assumption when they investigated types of movement in clay layers of the Franconian Alb. However, as our investigations show, the 1957 event contained heterogeneous material and displayed more processes than a single earth flow.
Detachment of a block from the bedrock took place on the uphill slopes in the southwestern part. A combination of topple (Varnes 1978 , Dikau et al. 1996 and creeping (Schmidt & Beyer 2001 ) processes occur, as the detached block is slowly dipping forward while moving downslope on the underlying clay. Radbruch-Hall (1978) defines this movement as "creep of blocks over soft rocks". The soft bottom layer also enables rotation of the blocks (Beyer & Schmidt 1999) .
Geophysical surveys revealed a shallow translational slab slide (Hutchinson 1988 , Dikau et al. 1996 of debris in the clay dominated area uphill of the main scarp. Slab slides frequently occur in debris mixed with fine material (Hutchison 1988) . According to Dikau et al. (1996) , a shear zone close to the surface is characteristic, as well as movements in slightly weathered bedrock. Both characteristics were obtained at Hasenberg.
The undestroyed part of the footpath on the ridge of the main scarp proves an en bloc movement of this part as suggested by resistivity and seismic data, rather than involvement of buckling, wedging or heaving processes which may also occur at slab slides (Hutchison 1988) . The ridge of the main scarp supposably contains a core of (relatively) solid rock. This may be a relic of limestone bedrock or sintered limestone debris, which were observed during field work. Besides, their occurrence on Hasenberg was reported by Müller (1957) . Movement of the block was disrupted at the transition of the Callovian Clay to the underlying Aalenian Sandstones with a clayey slip surface tapering out.
Parts of the block presumably exceeded the step of the underlying Aalenian Sandstone.
At the step, the upper layers of the sandstone are shaped by intensive weathering (Müller 1957) and/or prior movements (Dorn 1928) . Internal weaknesses lead to the formation of a curved slip surface (see SRT) and a small (debris) rotational slide (Varnes 1978 , Dikau et al. 1996 . The slide also affected the underlying sandstone, as substrate analyses obtained sandstone particles in the slide mass of the main body (see also Müller 1957) .
Earth flow processes (Müller 1957) are characteristic for the lower parts of the slide area and have to be specified as they do not comply with the definitions of Varnes (1978) , Hutchinson (1988) or Cruden & Varnes (1996) . In terms of involved material ("earth"), resistivity data and substrate analyses at Hasenberg assume a significant amount of debris embedded in a matrix of fine material. According to the authors mentioned before, the limit of coarse material in an earth flow is 20 % (amounts exceeding 20 % = debris). On the other hand, a review of flow type processes by Hungr et al. (2001) determines clay contents of only 10--70 % for earth flows. Therefore, a distinct definition of the material properties is difficult to apply. This is also the case in terms of movement mechanism ("flow"). Varnes (1978) classifies all slope movements with internal distortion involved as "flows". However, Hungr et al. (2001, p. 222 ) state, it is "often difficult to determine whether internal distortion or boundary sliding is dominant in a given case". Furthermore, investigations proved that several "flows" moved predominantly by sliding along a shear surface, rather than an irregular flow-pattern (Hutchinson 1970 , Brunsden 1984 . A coinciding characteristic for flows is a high content of involved water. According to a study of von der Heyden (2004) the accumulation of a landslide mass on permeable layers (like the Aalenian Sandstone) represents a rather stable condition, as water is able to percolate through debris and subsurface layers. Therefore, a saturation of debris, which may lead to a flow process, is rather unlikely. However, the recent classifications of flows by Hungr et al. (2001) reveal water contents near the plastic limit as sufficient for a slow moving earth flow.
In the case of Hasenberg, the old road may solve the problem of a designation. Although being displaced with different rates of movement, the old road mainly remained connected (Müller 1957) . This indicates the existence of one or more relatively coherent masses/blocks with fine grained material involved (see also ERT).
According to the presented literature, movement in the lower parts of the landslide can basically be defined as "earth flow" sensu Hungr et al. (2001) , with the constraint of a coherent mass instead of individually moving particles as mentioned by Dikau et al. (1996) .
Concerning the entire landslide, the term "earth flow" is not wrong but rather misleading as it does not reflect the complexity and disparity neither of occurring processes nor of the involved materials.
An enhancement to "complex earth flow" is considered to be necessary. However, as involved material mainly comprises debris and the movements represents typical slide processes (see Dikau et al. 1996 , Cruden & Varnes 1996 ) the classification of the studied landslide as "complex debris slide" or generalized as "complex landslide" (Cruden & Varnes 1996) seems to be most appropriate.
Future susceptibility
In order to stabilize the slope some adjustments were achieved after the 1957 landslide. The planting of cottonwood with its shallow roots was meant to stabilize layers close to the surface. However, movements in deeper stages, as detected by geophysical data, cannot be prevented by vegetation. A second regulation was the tapping of springs in order to prevent uncontrolled infiltration of water into the subsurface. This is one of the most important adjustments especially if impermeable layers, e.g. clay, are involved (Hammer 1984) .
Until today, no further landslide has occurred. This is in favor of the interpretation of the Hasenberg as a stabilized landslide area. However, cracks and damages in the road indicate contemporary movements.
Additionally, recent climate change leads to modified precipitation patterns. Most notably, winter precipitation rises (Parry et al. 2007 ). Although reliable predictions for this most important trigger factor are not possible yet, a decreasing influence is not assumed. Ongoing investigations especially have to clarify the trend of precipitation along with effects concerning infiltration and consistency boundaries.
Considering all factors, processes and circumstances obtained in the study area are not restricted to the Hasenberg landslide -as illustrated by the event at Ebermannstadt Einbühl (1961) showing similar forms and processes. Also, slopes adjacent to the landslide area provide similar conditions. Assuming certain requirements (intensive snow melting, high precipitation rates), these facts indicate an endangered susceptible slope area.
Conclusions
The landslide on Hasenberg from 1957 combined a variation of movement processes like slab slide, rotational slide and earth flow. As a result, the whole movement should be defined as a "complex landslide" or, more detailed, as "complex debris slide".
Slide material is a composition containing varying amounts of limestone debris, clayey material and -in the downslope areas of the study site -fragments of Aalenian Sandstone. In 1957 only little amounts of fresh debris were produced, the majority corresponded to debris which resulted from weathering and/or older slope movements. With exception of the uppermost slope sections, debris contains all grain sizes between clay, silt to stones and debris. The thickness of debris accumulation differs from a few decimeters (covering the slip surface) to more than 10 m (downslope main scarp).
The obtained processes assume a very close relation to the internal factors of local geology (bipartite structure: permeable and impermeable layers) as well as dipping (analog to exposition). External triggers are (winter) precipitation combined with additional snow melting (and therefore temperature).
After the landslide, necessary adjustments for slope stabilization were achieved. Until today, no further landslide occurred in the study area. However, no guarantee can be given, especially since roadway damage indicates certain movements. Even if the 1957 slide area should be stabilized, similar movements may occur on adjacent slopes.
